Reclamation research has shifted from short-to long-term assessment of mine land reclamation management strategies, wherein previously established study sites are revisited. In this study, we assessed long-term (28 y) relations among reestablished plant communities (production and diversity), replaced soil depth following mining (0.2 to 1.4 m [0.7 to 4.6 ft]), and restored slope position (5% north slope, 2% south) for three different subsoil types (A, B, C; characterized by 43%, 23%, and 14% clay, respectively) on a previously established soil wedge experiment in North Dakota (Merrill et al. 1998) . Nonnative seeded species such as crested wheatgrass (Agropyron cristatum) and smooth brome (Bromus inermus) had close to 50% persistence after 28 y, while less aggressive seeded species, such as Russian wildrye (Psathyrostachys juncea) and alfalfa (Medicago sativa), were more susceptible to invasion by other species leading to greater plant community diversity (Shannon's Diversity Index [H' = 1.348 and 1.717, respectively]). The most significant plant productivity response to soil depth/topographic position was observed for subsoil C on the south facing 2% slope (r 2 = 0.43; p = 0.03). The two soil parameters measured in this study (electrical conductivity and pH) indicated mine soil profile development through time for both slope position and subsoil type. Specific relations observed in this long-term study were somewhat more difficult to identify compared to earlier short-term studies conducted on this site, providing strong evidence that replaced soil depths should be determined based on soil stabilization and initial establishment of diverse, sustainable plant communities to reduce invasion of undesirable plant species.
Research pertaining to reclamation techniques is vital for legal, monetary and ecological reasons.
One technique that has been thoroughly studied, especially in the late 1970s, is soil replacement depth (largely A and B horizons; Power et al. 1981; Barth and Martin 1984; Merrill et al. 1985; Pinchack et al. 1985; Redente and Hargis 1985) . Soil salvage and replacement to a "uniform" depth is required by the Surface Mine Control and Reclamation Act (1977) and limits for this "uniform" depth are further defined by state environmental quality regulatory agencies. The concept of soil salvage, transport and replacement to a sufficient uniform depth was created to support productive postmining land use as cropland. However, there are several goals aside from cropland often set for postmining land uses, where replacement of uniform soil depth is not always the best reclamation practice. Ecologically, replacement of variable soil depths tends to support more diverse reestablished plant communities and may provide better seasonality and sustainability for postmining native grasslands or grazing lands (Munshower 1994; Schladweiler et al. 2004a Schladweiler et al. , 2004b . Though this is an important technique ecologically, variable depth topsoil replacement can be an expensive reclamation practice and has attracted the attention of mining companies and reclamation specialists. In North Dakota, where spoil material is typically sodic and the two dominant postmining land uses are croplands and native grasslands (Flath 2009 ), determination of adequate replacement depths for each land use are important to achieve reclamation success.
Soil wedge designs were often used in the 1970s and 1980s to test adequate soil depths for postmining land uses over various types of spoils and under different plant communities. A wedge design used in North Dakota (as well as other states) varies from a level surface with soil depth variability below the surface in wedge shaped trenches (Barth and Martin 1984) to a raised, sloped design where variable topography was created (Power et al. 1981) . On a level-surface soil wedge in North Dakota, Merrill et al. (1985) studied root growth and water flow using a tracer in soil-minespoil profiles and found low root penetration and water flow into sodic minespoil. Reporting on a sloped wedge experiment designed to examine subsoil quality and thickness requirements, Merrill et al. (1998) then documented the difficulty of separating plant responses to soil depth from responses to topographic position and associated landform effects.
Based on concepts presented in these shortterm studies conducted in the Northern Great Plains, soil salvage procedures and replacement depths were assigned by the North Dakota Public Service Commission where sodium adsorption ratio (SAR) and soil texture were the defining soil parameters (NDAC 2008) . Currently, North Dakota regulations require the topsoil (A horizon) and subsoil (B and C horizons) be salvaged in separate lifts and replaced at a minimum depth of 0.6 m (2.0 ft) regardless of the depth of soil stripped from the area prior to mining (Flath 2009 ). Further constraints are placed on soil replacement depths, such that if the SAR is <12 in medium textured soils, the replacement depth is 0.6 m (topsoil + subsoil). If the SAR is <12 in coarse textured soils or the SAR is between 12 and 20 in any soil texture, the replacement depth is 0.9 m (3.0 ft). If the SAR is >20, soil replacement depths are 1.2 m (4.0 ft) (NDAC 2008) . These requirements pose some controversy between the mining and regulatory communities because they are based on conservative estimates from short-term research (Pinchack et al. 1985; Redente and Hargis 1985; Merrill et al. 1998 ) and do not take into consideration the response of plant communities to soil depth on reclaimed mine lands through time (Doll et al. 1984) . In order to address these issues, several studies were initiated throughout the western United States in the late 1990s and early 2000s with the common goal of assessing long-term plant community properties on variable soil depth (Newman and Redente 2001; Redente and Snydor 2005; Bowen et al. 2005; Buchanan et al. 2005) . In all studies, there were considerable shifts in plant community composition (largely due to invasion of aggressive species such as Agropyron cristatum) and changes to the relations among plant community properties and soil depth after an extended period of time (>25 y). Documenting long-term vegetative responses is extremely important for reclamation sustainability, especially over the sodic spoil material found in North Dakota. Reevaluating previously established soil wedge experiments provides an excellent opportunity to determine adequate soil replacement depths to support postmining land uses in the long term.
The objectives of this study were to (1) describe changes to plant community composition with time, (2) determine long-term relations among the productivity of reestablished plant communities with soil depth and landscape position, and (3) advance our understanding of mine soil profile development and the influence of landscape position on plant community development. Hypotheses include the following: (1) plant community diversity will be higher in plots seeded to less aggressive plant species (alfalfa [Medicago sativa] and Russian wildrye [Psathyrostachys juncea]) and lower in plots originally seeded with more productive, aggressive species (crested wheatgrass [Agropyron cristatum] and smooth brome [Bromus inermus]); (2) aboveground biomass production will increase with increasing soil depth/higher slope position; and (3) soil properties (electrical conductivity and pH) will be less variable with depth as soils develop. (Merrill et al. 1998 ). Six 21 m (≈70 ft) wide strips consisting of three types of subsoil (B and C horizons) were deposited directly over graded minespoil after removal by a motor scraper to create a double wedgeshaped landform (figure 1). The subsoils were randomized within two replications and were 1.2 m (4.0 ft) thick at the summit. Topsoil (approximate A horizon), which had been removed and stockpiled prior to subsoil transport, was spread over the subsoil to a 0.2 m (0.7 ft) thickness. Alleys without topsoil were left between contiguous subsoil strips to provide surface drainage. The northfacing slope was 5% and 53 m (174 ft) in length and the south-facing was 2% and 40 m (131 ft) long. Soils at the site were predominately classified as Argiustolls prior to mining (Merrill et al. 1998) .
Materials and Methods
The characteristics of soil layers and minespoil are shown in table 2. The topsoil was sandy clay loam in texture with 3% organic matter (Merrill et al. 1998 Phosphorous-bearing fertilizer was applied by broadcast on all plots at 67 kg P ha -1 (60 lb P ac -1 ) after wedge construction. Each subsoil type (main plot) was split into four 4.3 m (14.1 ft) wide strips and randomly seeded with crested wheatgrass (CWG), Russian wildrye (RWR), spring wheat (Triticum aestivum), and alfalfa (ALF). After completion of the original 1975 to 1982 study, all spring wheat plots were re-seeded with smooth brome (BRN) to stabilize erosion on the soil wedge. Additional information on plot construction and treatments can be found in Merrill et al. (1998) .
Experimental Design. In 2003, north and south baselines were established at 0.5 m (1.6 ft) from the north boundary and 8.1 m (26.6 ft) from the south boundary due to deterioration via erosion on edges of the original wedge. The north and south facing slopes were further divided into topographic areas, including toe slope (TOE), midslope (MID) (made up of lower midslope [LMS] and upper midslope [UMS]), and shoulder slope (SHD) positions. The north facing slope had the following distances from the Notes: EC (1:1) = electrolyte content. SAR = sodium adsorption ratio.
* Taken from Merrill et al. (1998) . A stratified random sampling design was used to determine above-ground biomass production for each subsoil type (Chambers and Brown 1983; Vogel 1987) . Biomass sampling locations in each slope area (TOE, MID, and SHD) were based on the size of the area being sampled to achieve adequate representation of vegetation production for each defined slope segment. Thus, within each of the vegetation subplots, two sampling positions were randomly located in north and south TOE areas, four in MID and two in the SHD areas. Sampling points in the MID location were further divided into UMS and LMS for analyses based on distance from the baseline. Vegetation within 0.25 m 2 (2.69 ft 2 ) sampling areas was hand-clipped at ground level and separated by species or species category. A total of 384 locations were sampled across the entire wedge. Samples were dried at 65°C (149°F) until a constant weight was achieved and weighed to determine aboveground plant biomass production. Five basal cover measurements for each aspect (north and south) per slope position (TOE, MID, and SHD) were collected with a 10-pin (Magurran 1988 ). ‡ One-way analysis of variance of diversity index values for species seeded indicated probability point frame for each vegetative subplot, yielding a total of 720 measurements for the site. Shannon's Diversity Index (H') was calculated using importance values from basal cover data (Magurran 1988 Measurement of Soil and Land Characteristics. Soil samples were collected in mid-to late-July, 2003, using a Giddings truck mounted rotating soil probe (Giddings Machine Company, Windsor, Colorado) in the center of one randomly selected vegetative production sampling position in each of three topographic areas (TOE, MID, and SHD) (three for north-slope and three for south-slope subplots, 144 sets total). Samples were collected in 0.30 m (0.98 ft) increments to a depth of 1.2 m (4.0 ft) or to the subsoilspoil contact and separated in predetermined increments and by topsoil/subsoil or subsoil/spoil interfaces. Soil depth was recorded during field sampling. Samples were air dried and sieved to 2 mm (0.08 in) prior to analysis. Using an Orion Model 550A meter (Thermo Scientific, Pittsburg, Pennsylvania), electrical conductivity (EC) and soil pH were determined from a 1:1 mixture of soil and deionized water. To compare 2003 and 1978 data, saturation extract-equivalent values (EC e ) collected in 1978 were converted to EC 1:1 using factors given in Smith and Doran (1996) . Soil texture was determined by the hydrometer method (Gee and Or 2002) .
Analyses of Data. In the original study, Merrill et al. (1998) showed a number of large productivity differences between north and south aspects; therefore, it appeared useful to analyze plant productivity data by topographic areas for each aspect separately (n = 2) in addition to combining the data between north and south aspects (n = 4). Aboveground biomass production data from CWG and RWR subplots in nondrought years (1978, 1979, and 1981) (table 1) ANOVA suitable for unbalanced data sets was applied with subsoil as main plot, seeded vegetation as split plot, and topographic area as a second subplot factor for north and south slopes when analyzed separately (SAS 1999) . The ANOVA was also applied to (1) all vegetative areas present and to groups of two vegetative areas aggregated and (2) individual vegetative areas with vegetation type dropped from the model. Error degrees of freedom for 2003 versus 1978 to 1981 datasets were 154 and 160, respectively. Similarly, the same procedure was applied with two vegetative areas aggregated (north and south aspect). All statistical analyses were accomplished at p < 0.05.
Results and Discussion
Species Diversity in Plots. Vegetation composition measurements in 2003 showed the two nonnative perennial grass species plots (CWG and BRN) to have higher levels of original seeded species remaining compared with the other two seeded species (ALF and RWR) (table 3). Percentages of seeded species remaining (based on biomass) for each plot were as follows: CWG, 50%; BRN, 49%; RWR, 19%; and ALF, 5%. The seeding of rapid growing, nonnative, perennial grass species was common in reclamation efforts more than 20 y ago to increase ground cover and control erosion (Vogel 1987) ; however, these efforts clearly inhibit the invasion of less aggressive species into reclaimed areas and result in delayed ecosystem recovery as determined by diversity and sustainability (Chambers et al. 1994; Holl and Cairns 1994; Allen et al. 2001) . With 2 to 10 times greater persistence of these nonnative perennial grasses originally seeded after 28 y than native species, little change in this particular reclaimed ecosystem is expected in the next 20 to 30 y for the BRN and CWG plots barring there are no changes driven by future weather patterns. In abandoned fields (where a majority of species recruitment and vegetation composition studies are conducted), many of the long-term changes in community dynamics are attributed to the vegetation composition and soil conditions at time of field abandonment, pool of propagules, year and season of abandonment, and previous management (Clements 1916; Connell and Slayter 1977; Myster and Pickett 1990) . Predicting species recruitment and changes to vegetation composition through time in reclaimed minelands is assumed to be similar to abandoned agricultural fields, making it extremely difficult to anticipate how reclaimed ecosystems will develop through time.
Measurements of vegetative composition in 2003 also indicated the greatest recruitment of surrounding species into plots occurred with the "other dicotyledonous" species group (i.e., forbs), ranging from 16% of total on BRN-seeded areas to 25% on CWG-seeded areas (table 3). The second most recruited species was yellow sweetclover (YSC), ranging from 10% on ALF-seeded areas to 19% on CWG-seeded areas (YSC, a biennial species, makes ephemeral presentations of growth depending on 
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climatic conditions, and 2003 appeared to be especially suitable for YSC). Of the seeded nonnative perennial grasses, CWG exhibited the greatest invasion into ALF-seeded plots (30%) and BRN had greatest invasion into RWR-seeded areas (15%). These invasion dynamics of CWG and BRN into the ALF and RWR plots are likely attributed to proximity of plots to each other, nutrient competition and use efficiency, and tolerance to minesoil conditions (Skousen et al. 1994 ). Community diversity indicated by Shannon's diversity index was greatest in ALF-seeded areas, the treatment that had the lowest percent of the initially seeded species remaining (table 3) . The second greatest diversity index value was for RWR-seeded areas, which had the second lowest percentage of originally seeded-species remaining in the plots. One-way ANOVA for vegetative treatment indicated high significance, with p < 0.0001. It is clear that the less aggressive species such as ALF and RWR are more conducive to developing diverse reestablished plant communities after long periods following reclamation.
Plant Productivity Responses to Soil Depth/Topographic Position. Given the design of the Zap soil wedge, vegetative production response to topographic position is difficult to distinguish from the response to soil depth (Merrill et al. 1998) . Therefore, soil depth and topographic position will be discussed together with the understanding that both factors are important for plant community development on reclaimed mine lands. Soil depth influences sodium migration into the plant rooting zone and plant community composition due to species tolerance of salts. Soil properties also change physically in close proximity to sodic minespoil where salts move up into the overlying soil via diffusion and convection (Merrill et al. 1983) . Topography is important for surface and subsurface water flow, water retention, and other erosional processes (Milne 1936; Gerrard 1981) .
Quadratic polynomial regressions of 2003 plant production on soil depth and topographic position (i.e., distance from baseline) indicated a weaker dependence of plant productivity on soil depth/topographic position across all subsoil types compared to 1979 regressions (figure 2). Productivity in 1979 showed greatest response to slope position at the north aspect LMS, a result also observed in 1978 and 1981 measurements (data not shown; Merrill et al. 1998 ). This contrasts with 2003 results, which did not show a significant response of productivity to soil depth/topographic position for the north aspect. A significant productivity response in 2003 to topographic position/soil depth was observed on subsoil C in the south facing 2% slope (r 2 = 0.43; p = 0.03), which was not significant for this subsoil type in 1979. We assume that the productivity response observed in 1979 on the north-facing sandy loam subsoil C and sandy clay loam subsoil B was largely attributed to early spring water flow across and through the wedge during snowmelt (Merrill et al. 1998; Singh et al. 1998) . The less diverse, cool-season perennial grass-dominated plant community observed in 1979 would rapidly respond to this topographic effect early in the season when surface soil water content is high (Trlica and Biondini 1990; Singh et al. 1998) . Less than desirable properties of sodic minespoil may also be overcome if sufficient precipitation is available and mobilized by topographically related runoff-run on processes (as seen on the favorable north aspect). Thus, relatively shallower depths of returned soil, 0.4 to 0.8 m (1.3 to 2.6 ft) at the base of the north aspect, supported higher productivity of cool-season, introduced grass species from 1978 to 1981 (Merrill et al. 1998) . Warm season species that require water later in the season are more dependent upon soil water at depth (Sala and Lauenroth 1982; Singh et al. 1998 ). This means the more diverse communities observed in 2003 may be expected to respond to the greater depths of returned coarse textured soil where the late season soil water content at depth is high (Sala and Lauenroth 1982; Singh et al. 1998) .
When comparing combined north-and south-slope productivity across sampling times, trends in plant productivity with slope position were observed for all subsoil types in 1979 (figure 2). In 2003, the relation between productivity and depth of subsoil C was again observed; however, the scatter of points used in the regression analysis was large and reduced the strength (r 2 = 0.25) of the influence of soil depth on aboveground biomass productivity for subsoil C. A reduced strength of relations by combining north and south slopes might support the previously discussed differences observed between slope positions after 28 y. Though replication for the regression analysis was increased by analyzing the slopes together, this study benefits from interpreting north-and south-facing slopes separately.
An examination of the effect of slope position/soil depth for combined subsoil types on relative vegetative productivity (to remove the effects of biomass production based on inherent species traits) reveals that by 2003, greatest productivity had significantly shifted away from north and south LMS areas, where greatest productivity was measured in 1978 to 1981, to north and south SHD and south UMS areas ( figure  3 ). For the 2003 CWG-plus RWR-seeded treatments combined, greatest production was observed on the south UMS and SHD areas. For 2003 ALF-plus BRN-seeded treatments, the greatest aboveground biomass production was found on north LMS areas and south UMS. Similar results were observed for north and south slopes combined. This further supports concepts described earlier:
(1) Development of plant community diversity (especially increases in forbs) means that a significant fraction of species will require soil water later in the season and deeper in the profile than cool-season perennial grass species and (2) Soil development processes through time will reach deeper with increased returned subsoil depth, supporting the shift of increased plant productivity with soil depth (Singh et al. 1998) .
Plant Productivity Responses to Subsoil Quality. Biomass production in 2003 was significantly higher on coarser-textured subsoils B and C than the clay subsoil A for three of four vegetative areas; ALF-seeded plots showed no significant effect (table 4). The greater plant community diversity of ALFseeded plots, where plant roots are potentially evenly distributed and gain access to water throughout the soil profile (table 3) (Sala et al. 1992) , was likely the principal factor contributing to this result. Jari mower-sampled productivity values on CWG-seeded areas in 2003 were 26% lower than the more precise (but higher variance) hand-clipping values; however, responses to subsoil quality were similar. Soil texture and depth determine the WHC of soil (Clapp and Hornberger 1978; Cosby et al. 1984; Saxton et al. 1986 ), so it is no surprise that there was an effect of subsoil type on plant productivity.
Difference in biomass production on sandy loam subsoil C versus that on clay subsoil A for the CWG-plus RWR-seeded areas in 2003 was 28%. In 1978 this difference was 7%, in 1979 it was 26%, and in 1981 it was (table 4 ). An explanation for this pattern of results, in addition to soil water use with depth, may be provided by examining the climatic record. The favorability of annual precipitation and temperature for July-harvested plant production appeared to run in the order 1978 > 2003 > 1979 > 1981 (table  1) . Greater amounts of water available in 1978 allowed early season production on the lower quality, clay subsoil A (a less favorable rooting medium and lower hydraulic conductivity) to approach production observed on subsoil C. Conversely, less plentiful precipitation and higher April temperatures in 1981 exacerbated effects of relative soil quality deficits affecting soil function of subsoil A to result in a 43% subsoil C versus A production differential. Despite 24 y difference in age and development of plant community diversity, the 2003 and 1979 subsoil C versus A production differentials were similar, 28% and 26%, respectively. In both 1979 and 1981, production on subsoil C was significantly higher than that on subsoil B (which was significantly higher than subsoil A); however, in 2003, no significant difference in aboveground biomass production between subsoils B and C was observed (table 4) .
Mine Soil Profile Development and Ecological Shifts through Time. Soil profile development in reclaimed mine soils greatly influences reestablished plant community development (Wardle 2002) . Since changes to the plant communities towards a more steady state were observed, we expected the mine soil properties to change with depth and time as well. The two soil parameters measured in this study (EC and pH) These results provide evidence of mine soil profile development, with a new annual soil hydrologic steady state being attained as root development and mesofaunal activity develops new pore structure in highly disturbed, returned soil layers (Musselwhite et al. 2009 ). Decreases in surface soil EC indicated, of course, net downward convection of electrolyte, and significant increases of soil pH at profile depths below 0.4 m (1.3 ft) were evidence of preferential downward movement of sodium relative to that of divalent cations. Increases in soil pH at depth appeared more prominent for the coarser-textured subsoils B and C, probably associated with expectedly higher hydraulic conductivity of such soil materials (Hillel 1982) . Regardless, movement towards equilibrium of soil conditions created a more hospitable soil for sustainability of diverse plant communities.
Summary and Conclusions
Both the reestablished plant communities and the replaced soil adjusted through time with the surrounding environment as a function of seed source, plant dynamics, subsoil type, depth of soil, climatic conditions and topographic position. Relations among these variables observed in 2003, as well as changes occurring since 1978, provided evidence that pre-determined soil depths recommended by other short-term studies might be more important for initial establishment of plant cover rather than long-term reclamation success. Despite our best efforts to provide a specific soil replacement depth suitable for long-term reclamation success in this region, the design of this particular soil wedge makes it difficult to draw conclusions based solely on soil replacement depths. Topographic position, the influence of spring snowmelt on soil moisture and the seeding of aggressive cool season grass species all contributed to trends observed in 2003. Regardless of the complexity of the soil wedge design and reclaimed ecosystems, we may assume replaced soil depths should be determined based on soil stabilization and initial establishment of diverse, sustainable plant communities to reduce undesirable species invasion (or invasion by aggressive cool season grasses). 
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